INTRODUCTION
Permanent Magnet Synchronous Motors (PMSMs) have been widely used in various industrial applications due to their high efficiency and high power density characteristics. In general, PMSMs drive systems are developed based on simplified mathematical model. In this model, the distributions of the inductance and linkage flux density due to rotor magnets are assumed as sinusoidal. Consequently, the dq transformation method gives simple voltage and torque equation expressed with constant motor parameters. Because of this modeling, PMSMs drive system can be easily constructed by controller design techniques for DC machines. However, PMSMs typically have nonlinear characteristics such as the spatial harmonics and magnetic saturation [1] [2] . The nonlinear characteristics degrade the performance of torque and current control based on simplified mathematical model because this drive system is controlled as a linear system.
In PMSMs which have the nonlinear characteristics, the pulsating torque is caused by interaction between excitation current and spatial harmonics in the flux linkage. Torque ripples may degrade speed and position control and cause large acoustic noises and vibrations. In 
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Tokyo, Japan akatsu@sic.shibaura-it.ac.jp previous researches, the optimal current command for the torque smoothness are achieved by developing torque controllers with mathematical model which has spatially dependent machine parameters has been proposed [3] - [5] . However, this technique requires amount of off line data for look up tables. If the magnetic saturation is also taken into account the machine parameters depend on not only the position but also current amplitude. Therefore, the model construction becomes much complicated.
Furthermore, the realization of the optimal excitation current to achieve torque smoothness requires high performance current controller. The current feed-forward control gives optimal voltage commands to achieve desired current based on inverse PMSMs model. The current feed-forward controller has already been developed in the linear system [6] - [8] . However, in the case of nonlinear machine, the inverse model cannot give optimal voltage commands because of the nonlinearity of the machine. As described in [9] , precise voltage equation model can be obtained by considering the nonlinear characteristics. However, as previously noted, the model construction is much complicated. This paper presents advanced torque and current control techniques by using a real time simulator (high speed calculator) which has a precise PMSMs model. Precise PMSMs model is created by Finite Element Analysis (FEA) which can take into account the spatial harmonics and magnetic saturation. In the previous research, this model is called as a "behavior motor model" and this model is applied to a circuit simulator such as MA TLAB/Simulink. In this paper, the coupling analysis between the behavior motor model and the circuit simulator is installed in the real time simulator as a controller of PMSM drive system. Therefore, the controller enables to achieve the advanced control method by using the analysis results. This paper presents torque ripple control and high performance current control based on a feed forward control of PMSM by using the proposed technique. Effectiveness of them is verified by performing some experiments. II.
CONVENTIONAL LINEAR CONTROL SYSTEM
In this section, the linear model of PMSM is firstly introduced. In general, the control system is developed by simplified mathematical model which presences linear characteristics of PMSM in dq reference frame. The torque equation is described as follow:
where Pm '¥ d, Ld, Lq, id and iq, are the number of pole pairs, d-axis flux linkage due to the rotor magnets, d-axis inductance, q-axis inductance, d-axis armature current and q-axis armature current, respectively. In case the d axis current is a constant value, the torque has a linear characteristic with q-axis current.
The voltage differential equation is described as follow: (2) where R, p and l4 are the armature resistance, and angular mechanical velocity, respectively. The current dynamics is described by differential equation based on (2) as follow: Fig. 1 shows the block diagram of PMSMs control system which has torque and current controller based on (1) and (3).
A. Conventional torque control
The torque control generates current command due to torque constant under an assumption that the relationship between torque and current is a linear characteristic.
1235 Therefore, the current command is generated as constant value according to torque command. However, in this control, the pulsating torque is caused because the relationship between current and torque is not linear by nonlinear characteristics of PMSMs.
B. Conventional current control
The current control works to achieve the current command. In this control, the PI controller and decoupling controller are designed based on (2). However, this controller may exhibit bandwidth limit and is not suited to cover the full critical range of harmonics frequencies. Therefore, the desired current is not completely excited. Adding that, this control cannot achieve a fast response because of its bandwidth limitation.
III. PROPOSED NONLINEAR CONTROL SYSTEM
In this section, a proposed nonlinear control system based on FEA is described. The proposed control system is developed based on a behavior motor model which presences nonlinear characteristics of PMSMs. Therefore, this control system can take into account nonlinear characteristics. The behavior motor model has 3-D table data of inductance, magnet flux and torque as the function depend on current amplitude, current phase and rotor position [10] . In general, the construction of 3D table data requires some complex processes such as the data interpolation. However, in this research, acquisition, interpolation, and construction of the machine parameter data are automatically implemented by computer software with the FEA (JMAG-RT produced by JSOL Corporation is used in this research). In addition, the behavior motor model is easily applied to the circuit simulator such as MATLAB/Simulink. This coupling method is implemented as a controller of PMSM drive system by using a real time simulator. This controller can take into account nonlinearities of not only tested machines but also external drive circuits. 2 shows the system of a proposed torque ripple control. In the proposed torque ripple control, the instantaneous torque is estimated by the behavior motor model from the simulated excitation current. This estimated torque includes characteristics of torque ripple. The currgnt command generated by the torque controller is the optimal current to achieve torque smoothness. Therefore, the torque ripple is reduced compared with the 1236 conventional one. In addition, the excitation current which is applied the behavior motor model is estimated in the real time simulator. Hence, the gain of torque PI controller can be high because noises are not included in the estimated current.
B. Proposed current control Load motor developed based on the feed-forward control with dead beat control. The optimal voltage command to achieve desired current is given by inverse PMSM model as shown in Fig. 3(a) . In this research, this system is called as an "inverse behavior motor model". This model enables to generate optimal voltage command with precise nonlinear motor parameters. By using this voltage command the behavior motor model estimates instantaneous current to give for the dead beat current controller as shown in Fig. 3(b) . Please note that the estimated current can take into account the voltage saturation by using the calculated voltage command from the inverse behavior motor model. In general, the dead beat controller generates much high voltage command to achieve the high speed current response. However, due to the voltage limitation the response is not achieved and the controller does not correctly work. In the proposed controller, the voltage limit is considered from the voltage reference, the controller does not need to search the possible output voltage with the limitation. Adding that designing the control system including the dead beat control method is usually difficult because of noises and differential operation. However, in the proposed current control, since the instantaneous current is estimated by the behavior motor model, the actual current detected by the current sensor is not used for the dead beat control algorithm. Therefore, the dead beat control works for stability by using the signal generated in the real time simulator. Hence, the desired current can be excited and this control achieves fast response. In addition, the current PI controller will work to compensate disturbances which are not considered in the real time simulator such as the error of the modeling by the temperature variation.
IV. EXPERIMENTAL VALIDATION
In this section, to verify an effectiveness of the drive system, advanced control techniques including torque ripple control and current control are performed on 0. 8 kW IPMSMs by using the real time simulator installed behavior motor model. Fig. 4 shows the experimental set up. Developed drive system by MATLAB/Simulink with the behavior motor model is installed in the real time simulator (LT-RTSimII produced by DSP Technology Co.Ltd is used in this research). The real time simulator communicates with fast AID converter to take the analog signal of actual system into the real time simulator. Also, the real time simulator outputs the PWM pulses to the voltage source inverter. The tested motor is rotated at a constant speed by a servo motor system. In addition, the behavior motor models and tested motor are synchronized each other by detecting the rotor position.
A. Verification of the behavior motor model Fig . 6 shows the characteristics comparison between the behavior motor model and tested motor of model A. As shown in Fig. 6(a) , the cogging torque waveform calculated by the behavior motor model corresponds with harmonics component which are main component of torque ripples. From these results, the behavior motor model can calculate precise output torque includes ripples. Therefore, this model gives accurately estimated instantaneous torque. Fig. 7 shows the characteristics comparison between the behavior motor model and tested motor of model B. As shown in Fig. 7(a) , the U-phase back EMF waveform calculated by the behavior motor model corresponds with output of tested motor. As shown in Fig. 7(b) and (c) , The U-phase current waveform calculated by the behavior motor model is in agreement with excitation current of the tested motor. From these results, the behavior motor model can calculate precise instantaneous motor behavior including nonlinear characteristics. Therefore, this model enables to design the inverse model and to estimate the instantaneous current of the tested motor in the current control. Fig. 8(a) and (b) , it is confirmed that the torque ripple is compensated by the proposed torque ripple control. Especially as shown in Fig. 8(c) , the 24 th and 4 8 th harmonics components are adequately reduced. As shown in Fig. 8(d) , the pulsating current as the optimal current to achieve torque smoothness is confirmed. Therefore, using the estimated instantaneous torque by the behavior motor model enables to reduce the torque ripple. From these results, the proposed torque ripple control which uses the real time simulator installed behavior motor model IS effective to reduce the torque ripple of PMSMs. Experimental results of the proposed current control Fig. 9 shows the experimental results of the conventional current control and the proposed current control in the steady state. The condition of this verification is shown in TABLE III. As shown in Fig.  9 (a), (b) and (c), in the conventional current control, U phase current is distorted by spatial harmonics. On the other hands, in the proposed current control, the harmonics in U-phase current are reduced in comparison with conventional one. Also as shown in Fig. 9( d) and (e), in the proposed current control, the voltage command is pulsating because the voltage commands are generated to achieve the desired current. Fig. 10 shows the experimental results of the conventional current control and proposed current control in the transient state. The condition of this verification is shown in TABLE IV. As shown in Fig. IO(a) , the proposed current control can achieve the fast response in comparison with the conventional one. Also as shown in Fig. I O(b) , the proposed current control utilizes the maximum level of the limited voltage until current agrees with command to achieve the fast response because the dead beat controller gives optimal voltage command to correspond with command on next sampling step.
From these results, the proposed current control which uses the real time simulator installed the inverse behavior motor model can achieve good tracking performance in steady state, and can achieve fast response in transient state. 
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CONCLUSION
This paper presented the advanced torque ripple control and current control based on precise motor model called as "behavior motor model". The circuit simulator installed the behavior model is applied in real time simulator to develop the advanced PMSM drive system, the system can realize these advanced control owe to the nonlinear characteristics of tested motor are taken into account. The proposed torque ripple control based on the instantaneous torque estimation by the behavior motor model can give the optimal current command to achieve smooth torque because the behavior motor model can estimate the instantaneous torque includes torque ripples according to spatial harmonics. The proposed current control based on the inverse behavior motor model can achieve the desired current because the inverse model developed precise motor parameters can generate the optimal voltage commands. Adding that, this control achieved fast current response by the dead beat controller with consideration of the voltage limitation. The effectiveness of them is verified by performing some experiments.
In conclusion, the proposed advanced torque ripple control and current control implemented by the real time simulator proved higher performance than the conventional ones. Fig. 10 . Experimental results of current control in transient state
